Understanding and quantifying fluvial transport and bedrock abrasion processes have become major concerns in modeling landform response to tectonic and climatic forcing. Recent theoretical and experimental investigations have in particular stressed the importance of sediment supply and size in controlling bedrock incision rate. Many studies on the downstream evolution of pebble size have focused on unraveling the respective roles of selective sorting and abrasion, without paying much attention to sediment sources. In order to track sediment supply and characteristics from source to sink in an active tectonic setting, where long-term selective deposition can be excluded, we systematically measured sediment size and lithology on gravel bars along the Marsyandi River and its tributaries (Himalayas of central Nepal), and also in sediment source material from hillslopes (landslides, moraines, terrace deposits). The downstream evolution in lithological distribution is found to be in close agreement with common views on pebble abrasion and present views on denudation in the range: (1) pebbles from the more rapidly uplifted and eroded Higher Himalayan gneissic units are over-represented, due to their major contribution to sediment influx, (2) easily erodible lithologies such as schists, sandstones, and limestone are under-represented relative to resistant rock types like quartzite. More surprisingly, we observe a general downstream coarsening of gravel bar material along the middle and lower Marsyandi River, whereas downstream sediment fining is typical of most river systems. A simple integrative model that tracks pebbles from hillslope to the main stem of the river and includes abrasion coefficients for the different Himalayan lithologies and size distribution of hillslopes sediment supplies accounts for both changing lithologic proportion along the Marsyandi and for the downstream coarsening of gravel bar material. This coarsening mainly results from differences in sediment sources along the Marsyandi Valley, in particular from differences in size distributions of landslide and moraine material. However, the median pebble size of subsurface material in gravel bars is coarser than median size of the blocky material in the source. The choice of the measurement methods and their potential bias are discussed but cannot explain this surprising feature displayed by our measurements. We suspect † E-mail: mattal@ujf-grenoble.fr.
INTRODUCTION
Recent studies on coupling between tectonic, climate, and erosion (e.g., Koons, 1989; Molnar and England, 1990; Beaumont et al., 1992; Avouac and Burov, 1996; Willett, 1999) have emphasized the key role of the erosional processes and their efficiency in shaping and uplifting mountain ranges. More particularly, the fluvial network has been recognized as having a major control on landscape denudation by setting the local base level of the hillslopes (e.g., Burbank et al., 1996; Whipple et al., 1999) . Such observations have spurred many studies on the way rivers incise bedrock. Several heuristic models have been proposed, which can be grouped into three types: the detachment-limited model, which proposes a determinant incising efficiency linked to the stream power (Howard and Kerby, 1983) , the transport-limited model (Willgoose et al., 1991) , and the mixed-tools model Dietrich, 1998, 2004) . The last two models strongly depend on upstream sediment supply and on sediment size. In particular, sediments introduce nonlinear behavior that can strongly affect the transitory regime (Whipple and Tucker, 2002) as well as the late-stage orogen evolution (Baldwin et al., 2003) . In high mountain streams or in rivers draining through steep canyons, removal of static boulders on the meter scale or larger can also introduce an additional nonlinear component to river incision processes (Howard et al., 1994) and an eventual feedback between hillslope erosion and fluvial downcutting. However, few recent studies have focused on the evolution of boulders, blocks, and sediments from the hillslopes toward the mountain range outlet, even though pebble fining and abrasion have been pointed out as potential key processes (Howard, 1998; Whipple and Tucker, 2002) . In the fluvial geomorphology community, there has been a long-standing debate over the causes of downstream sediment fining in rivers (e.g., Bradley, 1970; Goede, 1975; Knighton, 1982; Brierley and Hickin, 1985; Brewer and Lewin, 1993; Kodama, 1994a; Heller et al., 2001; Surian, 2002) . In part this is because two kinds of processes may be acting at the same time: fining by selective transport and fining by pebble abrasion. Observed apparent fining rates in natural rivers were generally found to be much higher than experimental abrasion rates (Kuenen, 1956; Bradley, 1970; Shaw and Kellerhals, 1982; Kukal, 1990; Brewer and Lewin, 1993) . Several hypotheses have been proposed to explain this discrepancy: a predominant role of selective transport (Brierley and Hickin, 1985; Paola et al., 1992; Brewer and Lewin, 1993; Surian, 2002) , the role of chemical weathering (Bradley, 1970; Jones and Humphrey, 1997) or an underestimation of experimental abrasion rates, most of the experimental devices reproducing too-slow hydrodynamic regimes (Kodama, 1994b) .
In an attempt to unravel the interplay between abrasion and other causes of pebble fining, and more generally to identify the role of sediments in fluvial transport and incision in active orogens, we must focus on a setting where only one of these processes is acting. This paper, therefore addresses the case in which abrasion is assumed to be the dominant process acting during fluvial transport. To this aim, it is important to choose a river system that presents neither short-nor long-term depositional sections: in such a setting, both selective sorting and pebble surface weathering during deposition can be expected to be minimal. Such behavior can be observed along rivers draining across actively uplifting and eroding mountain ranges. However, most of the world mountain ranges are relatively narrow and river length between its source and outlet in a depositional area (foreland basin or intermountainous basins) rarely exceeds more than 30-50 km, except for rivers draining large ranges like the Himalayas or the eastern Andes.
In this study, we focused our attention on the downstream evolution of sediment characteristics along a central Nepal Himalayan river, the Marsyandi River. The choice of this 200-km-long river system was dictated both by the necessity to study a sufficiently long river system to observe a significant evolution, as well as by the existence of numerous constraints on both lithologies (Colchen et al., 1986) , erosion rates, and thus sediment supply rates from hillslopes (Lavé and Avouac, 2001; Burbank et al., 2003; Pratt-Sitaula et al., 2004) . In addition, a previous study on gravel bar material along the Kali Gandaki, a nearby river system, has already indicated important downstream variations in pebble lithologies (Mezaki and Yabiku, 1984) . In contrast with previous studies on pebble evolution and particle abrasion rates, we paid particular attention to the sediment evolution from the hillslopes down to the depositional plain at the outlet of the range, characterizing the size distribution of the hillslope sediment sources that feed the fluvial network. Field measurements were conducted in the autumns of 2000 and 2001. After some brief theoretical considerations on pebble size evolution along a river incising into an actively eroded landscape, we first review the geological and geomorphological setting of the Marsyandi watershed. We then present the methodology used to characterize the sediment sources, i.e., landslides, moraines, terrace deposits, and tributaries, and to measure the size distribution and lithologic composition of gravel bar material along the main stem of the Marsyandi River and its tributaries. Measurements, results, and geomorphic implications are discussed first qualitatively and second in the light of a simple integrative model that takes into account abrasion rates determined for Himalayan lithologies in an experimental device (Attal and Lavé, 2003; Attal, 2003) .
GENERAL CONSIDERATIONS ON DOWNSTREAM PEBBLE SIZE EVOLUTION IN A UNIFORMLY ERODED LANDSCAPE
In several studies (Kuenen, 1956; Bradley, 1970; Brewer and Lewin, 1993; Kodama, 1994a) , downstream fining rate, expressed in % per km, is directly compared to abrasion rates obtained from experimental studies. According to the authors, this comparison allows evaluation of the respective efficiency of sorting and abrasion processes. However, this approach is valid only when there is a unique sediment point source in the headwater, i.e., if sediment supply from tributaries and hillslopes further downstream can be neglected. For rivers draining through an actively eroded region, this comparison is invalid. We will demonstrate this for a simplified linear drainage geometry, i.e., defined by the relation A = wL/s, where A is the drainage area, w is the average width of the watershed between the two lateral interfluves, and s and L are the respective average sinuosity and length of the river. This relation is simply a particular case of the more general Hack's law, with an exponent of 1. Each block or rock fragment, after being delivered from the hillslopes to the river network, will be submitted to breaking, crushing, and abrasion that tend to round the fragment and decrease its diameter. We assume that pebbles are mostly reduced in size by abrasion after a few kilometers (Krumbein, 1941; Kuenen, 1956; Pearce, 1971) and that pebbles are abraded following the commonly used Sternberg's law (1875) :
where k is the pebble abrasion coefficient, and D and V are the pebble diameter and volume, respectively. We also assume that the products of abrasion are mostly fine materials that then transit as suspended load (Kuenen, 1956 ). If we now consider a uniform erosion rate ε and uniform sediment supply from the hillslopes and lateral tributaries with a unique fragment size D 0 , we can write for any point along the main river stem:
* for the total sediment flux: 
At great distances from the river source, or for high values of the erodibility k, an asymptotic behavior is rapidly reached both for the bedload flux and the mean grain size. Moreover, the asymptotic value for the mean pebble size D = 3/4D 0 is independent of the erodibility coefficient (Fig. 1A) .
Asymptotic behavior arises after a distance of the order of 3/2k from the balance between the quantity lost by abrasion and the continuous supply of fresh material from hillslopes. It can be demonstrated that this phenomenon is also observed with a more realistic model, i.e., with a more complex watershed geometry and a complete grain size distribution for the sediment sources, or even with hillslopes delivering several lithologies with different erodibilities: the asymptotic values for the mean grain size are slightly different but still independent of k. A recent study along a U.S. river that drains a homogeneous lithology in the Olympic Mountains indeed shows such seemingly asymptotic 
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behavior (Heller et al., 2001) . For rivers draining a uniformly eroded region, the apparent downstream fining rate of bedload is close to 0, even if the abrasion rate of the eroded lithology is very high. Therefore, the downstream size evolution cannot be translated directly in terms of equivalent abrasion rates, except for the upper reaches, where the river length is lower than the critical length 3/2k (in the above example
However, in this case, downstream fining can be difficult to demonstrate given the usually large uncertainties in field measurement and the moderate change between upstream and downstream values.
To unravel the role and amplitude of abrasion, it is therefore more pertinent to track the ratio of bedload to total load (Fig. 1B) rather than the downstream evolution of the mean pebble size. However, bedload flux measurements are usually very difficult to monitor for large rivers, in particular for the long periods of time that are necessary to estimate the average flux. Alternatively, it is possible to study a river crossing contrasting lithologies and track the dilution rate of the upstream lithologies in the downstream ones. In light of the simplified model presented above, the downstream evolution of the relative proportions of the different lithologies is expected to be sensitive both to their relative abrasion coefficients but also to the absolute values of these coefficients. The Marsyandi , the setting of which is detailed below, displays such characteristics. ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ 0 0 0 0 0 0 ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ 0 ▲ ▲ ▲ ▲ 0 ▲ ▲ ▲ Figure 2. Topographic map of the Narayani basin modified from Lavé and Avouac (2001) . Thick dashed line follows the catchment boundary of the Marsyandi River, for which the bedload evolution is characterized in this study. The down-valley extent (white arcuate segments) of areas shaped prominently by glacial erosion (Duncan et al., 1998) defines the beginning of dominant valley shaping by fluvial incision, i.e., domains where bedrock landslides supply most of the coarse river sediments. The major faults are the South Tibetan Detachment (STD), the Main Central thrust (MCT), the Main Boundary thrust (MBT), the Main Dun thrust (MDT), and the Main Frontal thrust (MFT). From west to east, >8000-mhigh summits are labeled: D-Dhaulagiri, A-Annapurna, M-Manaslu. Domains are TTS-Tethyan Sedimentary Series, LH-Lesser Himalaya, and HHC-Higher Himalayan Crystalline.
LOCATION AND GEODYNAMIC SETTING OF THE MARSYANDI WATERSHED
The Marsyandi River drains across the Himalayan range in central Nepal. Its source is located north of the Annapurnas (Fig.  2) . On its upper reaches, it drains to the southeast to skirt round the Annapurnas ridge. It then drains to the south and reaches the Trisuli River after a course of ~170 km. From east to west, the Trisuli, Buri Gandaki, Marsyandi, Seti, and Kali Gandaki join to form the Narayani River system, which drains to the Terai plain. They form one of the most important hydrographic network of the Himalayan range, west of the Kathmandu basin.
The Marsyandi watershed is superimposed on three main structural units (Fig. 2) : the Tethyan Sedimentary Series, the Higher Himalayan Crystalline, and the Lesser Himalayan units. These structural units roughly coincide with the main geographic domains across the Himalayas of Nepal (Fig. 2) . The Tethyan Sedimentary Series extends through the south Tibetan Plateau and the northern flanks of the Higher Himalayan summits. It consists of a thick stack of Paleozoic and Mesozoic sediments that are slightly metamorphosed and intruded by an early Miocene granitic body, the Manaslu Granite (e.g., Searle, 1999; Fig. 3) . In these units, the dominant lithologies are limestone and schist, but fine sandstone and quartzite levels are frequent (Colchen et al., 1986) . The core and southern flank of the Higher Himalayan topography correspond to the crystalline units of the Higher Himalayan Crystalline, which consists mainly of medium-to high-grade aluminous (Formation I) and calcic (Formation II) paragneisses and orthogneisses (Formation III; Fig. 3 ). To the south, the topography drops abruptly from elevations greater than 6000 m in the Higher Himalaya to around 1000 m in the Lesser Himalaya. The rocks in the Lesser Himalayan units consist of low-grade metasediments (sandstones, phyllites, schists, quartzites of Pre-Cambrian age = mostly Kuncha Formation; Fig. 3 ) forming a large antiformal duplex structure. Just below the Main Central thrust, the northern part of the anticline is overlain by schists, micaschists, quartzite, and limestones metamorphosed in garnet to kyanite facies (e.g., Pêcher, 1989; Colchen et al., 1986; Schelling 1992) . The southern part of the anticline, where metamorphism has been less intense, is overlain by the Mahabarat range, mostly in the eastern part of the Narayani watershed. The Mahabarat units are composed of schists and Cambrian to Eocene Tethyan sediments intruded by Late Cambrian to Ordovician granites. All these Himalayan units and sheets are overriding the Indo-Gangetic plain and have generated thin-skinned tectonic deformation, giving rise to the Siwalik Hills, which form the most frontal Himalayan relief. The Siwalik or sub-Himalayan rocks are composed of easily erodible Neogene sandstones, siltstones, and conglomerates.
The boundaries between the different domains roughly coincide with major faults. These are from north to south: the South Tibetan Detachment, a gently dipping normal fault underlying the Tethyan Sedimentary Series (Burchfiel et al., 1992) , the Main Central thrust, a ductile shear zone that separates the Lesser Himalayan units from the Higher Himalayan Crystalline (e.g., , the Main Boundary thrust, which marks the limit between the sub-Himalaya and the Lesser Himalaya, and the Main Dun thrust and the Main Frontal thrust, which correspond to inner and southern thrusts associated with the sub-Himalayan folds.
Currently, the most active tectonic feature appears to be the Main Frontal thrust, which absorbs most of the convergence (~21 ± 1.5 mm/yr) between India and south Tibet, (Lavé and Avouac, 2000) . However, important vertical movements also affect the Higher Himalaya, around 100 km north of the Main Frontal thrust. This phenomenon has been inferred to be the consequence of the ramp-flat geometry of the main detachment at depth, the Main Himalayan thrust, on which the main faults of the range connect (Lavé and Avouac, 2001 ). In the central Himalaya, uplift rates, inferred from fluvial incision rates, display strong variations across the range: they peak at 6-15mm/yr in the frontal Siwaliks, drop to 0-2 mm/yr above the Main Dun thrust Avouac, 2000, 2001) , and to 1-2.5 mm/yr across the Mahabarat, then decrease to around <0-1 mm/yr in the Lesser Himalaya, and finally rise again to values ranging between 2 and 5 mm/ yr across the Higher Himalayan Crystalline (Lavé and Avouac, 2001; Burbank et al., 2003; Pratt-Sitaula et al., 2004) . The south Tibetan region is characterized by a general extensional regime (Armijo et al., 1986) and probably by very low vertical motions. The hydrologic network of the Marsyandi drains across contrasted uplifting and eroding areas, and sediment supply rates from the hillslopes are therefore suspected to vary strongly along Marsyandi course.
In response to the intense tectonic activity and sharp topographic gradients, the Marsyandi region is being actively eroded, and the erosion products are exported through the Marsyandi fluvial network toward the Indo-Gangetic plain and the Bengal Fan.
FIELD MEASUREMENTS IN MARSYANDI VALLEY

Sampling Sites and Geomorphic Objects
To address the issue of the sediment mass transfer in the Marsyandi watershed, we focused on two distinct geomorphic objects: the sources of coarse sediments delivered to the hydrographic network (~20 measurement sites) and the transported bedload exposed on gravel bars along the Marsyandi River and its tributaries (~40 measurement sites; Fig. 3 ).
Three types of sediment sources were considered, which deliver most of the coarse material producing bedload. First, we surveyed landslide deposits in the Marsyandi Valley and its surroundings. These probably represent the main process of hillslope erosion and the main source of sediment in this kind of active orogenic setting (Burbank et al., 1996; Hovius et al., 1997) . Choosing a representative site was the most difficult task of the counting procedure because of the heterogeneity of landslide deposits (Figs. 4B and 4C) . We observed that the material usually becomes coarser downhill, probably because large blocks travel greater distances, and it is also much coarser at the surface, because fine material has been washed out and also because segregation processes during landslide movement tend to expel the largest block toward the surface. To get an idea of the size distribution of the whole landslide deposit, it would be necessary in theory to measure the distribution of both surface and core material for different points along the landslide deposits. However, such a procedure is highly time-consuming, and we focus on the core material in the central part of the landslide, which provides an adequate representation of the average size distribution.
In the upper part of the Marsyandi watershed, glacial and periglacial processes deliver different material to the fluvial network. We surveyed both modern and late Pleistocene to Holocene moraines to evaluate this source. In the upper Marsyandi Valley, many remnants of formerly glaciated landscapes can be observed ( Fig. 3 ; Fort, 1993; Lavé and Avouac, 2001) down to the confluence with the Naur Khola; the most extensive deposits can be followed from Manang to Pisang. Despite some controversies about their exact origin and age (Fort, 1993) , these deposits probably represent a volume of several cubic kilometers of moraine-type material, and their erosion since the Last Glacial Maximum has delivered a large quantity of sediments to the upper Marsyandi.
Across the Lesser Himalaya, thick terrace deposits also contribute to sediment supply. These deposits correspond mostly to the filling of temporary lakes resulting from the obstruction of the river by a landslide or to the filling of the valley during episodes of alluviation (Lavé and Avouac, 2001; Pratt et al., 2002 ). An important late Pleistocene deposit is well preserved throughout the Lesser Himalaya from Besi Sahar down to Dhumre along the Marsyandi and most tributaries (Yamanaka and Iwata, 1982; Fig 3) . This fill terrace material, the middle part of which has been dated at around 40 ka (Pratt-Sitaula et al., 2004) , consists of mixed fluvial and debris-flow units with some organic-rich clay lenses. Its initial volume could have represented more than 7 km 3 ; around 80% has been eroded along the Marsyandi and its tributaries valleys. If we assume steady erosion of this fill terrace and compare it with present sediment fluxes in Himalayan rivers, corresponding to erosion rates around 1-3 mm/yr (His Majesty's Government of Nepal Undertaking, 1994; Lavé and Avouac, 2001) , we end up with a terrace material contribution to the present sediment fluxes of ~2%. The second important terrace deposit in the Lesser Himalaya, between Khudi and Dhumre, corresponds to one or several debris flows that ran from the Higher Himalayan Crystalline through the valley between 5.2 ± 0.15 k.y. the present sediment fluxes. We therefore suspect that reworking of terrace deposits represents only a minor source of sediment into the Marsyandi. These two examples highlight the fact that temporary sediment storage in terraces and gravel bars and subsequent reworking do not significantly affect the long-term sediment flux. Downstream fining by selective transport can therefore hardly be effective in an actively eroded mountain range.
Along the Marsyandi and its tributaries, numerous gravel bars can be observed. With the exception of the narrow reaches across the Higher Himalaya, where they can be rare or poorly developed, the gravel bars are usually more than 100 m long and 20 m wide. As for most gravel rivers worldwide, gravel bar material presents clear surface coarsening. We therefore conducted measurements both on surface and subsurface gravels. When measuring subsurface gravels, the surface layer was removed to the thickness of the largest boulders before volumetric sampling. Gravel bars can also display large pebble size variations between their extremities (Fig. 4A) . In order to keep consistency between sampling sites, we surveyed (wherever possible) a similar hydrodynamic setting, and we chose the central part of the gravel bars. Two or three sampling points were generally chosen on a line parallel to the river and at least ten meters distant to define the variability of the sediment characteristics across the central part of the bar. Following Parker and Klingeman (1982) , we assumed that the material composing the gravel bars is representative of the bedload transported by the river during flooding stages. This issue will, however, be discussed more at length in the final sections.
Counting and Sampling Procedures
Counting and sampling procedures are inspired from previous studies (see review and analysis by Kellerhals and Bray, 1971) . We distinguished surface measurements, i.e., counting on lines or grid nodes, and volume measurements by weighing of a volumetric sample. Distributions obtained from these methods have been shown to be directly reliable (Kellerhals and Bray, 1971; Church et al., 1987; Displas and Sutherland, 1988) . At each site, and for each method, two or three measurement stations were utilized. In order to display and compare size distributions from these different sampling or counting procedures, it was also necessary to define a common variable to describe pebble dimension. We choose to consider the b-axis of the particles, i.e., their intermediate axis, and to perform geometric corrections when necessary (see more details in Appendix A).
Surface measurements were applied to gravel bar surfaces, landslide surfaces, terrace and moraine cross sections. We used both tape measure and photo counting methods. For the tape measure method, a line of 15 m was posed on the geomorphic object and particles were measured and lithologically identified every 50 cm. For the photo counting, particle size was measured at the 100 nodes of a regular numeric square grid. A comparison of the two methods is detailed in Appendix B.
Volumetric measurements were applied for subsurface measurements of the gravel bar, landslide, terrace, and moraine material: 100-250 kg of material were collected and sieved with 1, 2, and 4 cm square mesh sieves. Material coarser than 4 cm was sorted by lithology and particles were weighed separately. Fractions finer than 4 cm were weighed in classes corresponding to the mesh size. The size distribution for particles coarser than 1 cm was established in the field. The size distribution of the fraction finer than 1 cm was analyzed in the laboratory, using sieves and an optic laser method for fractions larger and finer than 1 mm, respectively.
On landslide and moraine cross sections (Figs. 5A and 5B), both surface and volumetric counting were used and generally provided similar D 50 values. The upper tail of the distribution curves differ, however, because the surface methods include larger blocks than the volumetric method. The maximum block size on photos, which encompass 5-20-m-wide surface, reaches 2 m (Fig. 5A ), but only 40 cm (≤50 kg) in our volumetric sampling. Accordingly, we consider that volumetric sampling provided a reasonable estimate of the median size D 50 of the whole material, but largely underestimated D 90 values.
Along the Marsyandi course, five main lithologies were distinguished: limestones (including marbles), schists (including phyllites, sericites, micaschists), crystalline rocks (gneiss and granitic rocks), quartzites, and sandstones. Each structural unit drained by the Marsyandi River contains contrasting proportions of these different lithologies, a context helpful to identify the particle provenance and thus favorable to study abrasion processes, as discussed in section 2. From the source to the confluence with the Kali Gandaki, the river drains mostly limestones across the Tethyan Sedimentary Series, gneisses across the Higher Himalayan Crystalline, schists in the upstream part of the Lesser Himalaya, and sandstones, schists, and quartzites in its downstream part.
Visual identification of entire or freshly broken pebbles, with an eventual test for presence of carbonates with hydrochloric acid was used to define sediment lithology. Gneissic pebble identification was the easiest one, and errors were probably very rare. In contrast, for the other lithologies, the identification of some pebbles was somewhat arbitrary in particular for "intermediate" lithologies such as schistosed sandstones, quartzitic sandstones (Kuncha Formation), or silicified limestones (Annapurnas Formation). However, identification errors or misleading choices concern only a few pebbles within the whole sampled volume at each site. Therefore, the relative error for dominant lithologies reaches only a few percent, but it may be important and eventually reach 100% when the proportion of a lithology is lower than 5%-10%.
Sources Characteristics
Landslides occur along the entire valley but deliver a very wide range of size distribution to the fluvial network (Fig. 5A ). Distribution curves obtained in distinct lithologies present glob-ally similar trends. The median size, D 50 , of the material appears, however, to depend on the nature of rock outcropping in the area (Fig. 5A ). D 50 varies between 37 and 74 mm for gneiss of the Formation I, between 18 and 28 mm for gneiss of the Formation II, between 21 and 74 mm for quartzites, and between 3 and 23 mm for schists. Other parameters, like the degree of fracturation and weathering of the bedrock, probably have a significant role, but were not measured for this study. Silt and sand fractions account for 15%-20% of the volume of landslide deposits, except for a deep-seated landslide in schists, where strong weathering could have substantially increased the proportion of fine material.
Moraines are located in the upper valley above ~2500 m elevation. In contrast to landslides, they provide a large proportion of very fine material (Fig. 5B) , around 20%-30% of silt and a very low sand fraction (between 1/16 and 1 mm). D 50 values range between 6 and 24 mm. The material is mainly composed of limestone fragments; the moraines we surveyed being located upstream of the South Tibetan Detachment. The fine mineralogical structure of the rocks of these units may explain the diver- The size distribution appears to depend on bedrock lithology: landslides initiated in quartzitic and gneissic units deliver coarser material than schist units. An average distribution curve for competent units (thick gray line) was computed without this finest distribution from schist units, but including photo counting to account for the coarse upper tail of the distribution. (B) Moraine deposits provide on average finer material, with D 50 varying between 6 and 24 mm. Curves obtained from field measurements (mostly dump moraines) fall in the domain covered by supraglacial deposit spectra (gray shading; Campy and Macaire, 1989; Benett and Glasser, 1996) . As for landslides, the coarse upper tail of the distribution obtained by photo counting has been included to derive an average distribution curve (thick gray line). (C) Terrace deposits are very heterogeneous, due to their mode of formation. gence observed for the silt fraction between our curves and the curves found for supraglacial material derived from crystalline rocks (shaded domains in Fig. 5B ; Campy and Macaire, 1989; Benett and Glasser, 1996) .
For the two hillslope sources, all the distribution curves derived from volumetric sampling end at values of D lower than 30 cm, revealing the limitations of our sampling method in accounting for coarse material. Nevertheless, the distribution derived from photo counting indicates that the upper tail of the curve is limited and that the missing coarsest fraction generally represents less than 10%.
It has to be noted that the distributions we measured on hillslopes overestimate in some way the size of the material that will effectively become bedload material in the fluvial network. Many blocks are fractured, in particular through schistosity plans. After having reached the river channel by sliding or falling along the hillslope and traveling a few kilometers in the river, these blocks would probably have been split several times, and their size would have decreased dramatically.
Gravel bar Material Characteristics
When compared to source material, gravel bar material displays much less dispersion (Fig. 5D) . Most of the 12 complete size distributions (i.e., with the silt to gravel fractions finer than 1 cm) we measured along the Marsyandi River and its tributaries display similar curves. Sand and silt represent only 8-15% of the total volume of gravel bar sediments. Around half of the fine material present in the hillslope sources, plus all the products of blocks and pebble abrasion, are therefore evacuated directly as suspended and wash load, independent of the material traveling as bedload. Size and lithological distributions of gravel bar material have been established for ~30 sites distributed along the Marsyandi River from Manang to the confluence with the Trisuli in Mugling, and for 10 gravel bars on the main tributaries close to their confluence with the Marsyandi. Additional gravel bars were surveyed along the lower Trisuli and on the Narayani close to the Main Dun thrust.
Downstream Evolution of Lithologies
The downstream evolution of the lithological composition for both surface (Fig. 6B) and subsurface ( Fig. 6A ) pebble material (fraction > 5 cm) is remarkably consistent. From one site to the next, scattering is, however, important and can reach up to 40% for major lithologies and more than 100% for minor ones. This reflects more the poor statistics resulting from reduced sample sizes than the lateral input by the tributaries (Fig. 6A) . The general trend for both diagrams conforms to the different geologic units crossed by the Marsyandi. As explained in section 3, the river drains across three main structural units, each of them having its proper lithological characteristics. The lithological composition of the gravel bar material reflects both the influence of sediment supply coming from these structural units and the different erodibilities related to each lithology. To illustrate these two processes, note for example, that the proportion of limestone decreases rapidly downstream from the South Tibetan Detachment, probably in response to a high erodibility of limestone (Kuenen, 1956) as well as an important dilution in gneissic pebbles, amplified by increasing local erosion and sediment supply rates when crossing the Higher Himalaya. In contrast, the steady downstream increase in the proportion of quartzite, up to 50%-60% in the lower Trisuli and Narayani, despite minor proportions of quartzite in the different source units, reflects the much higher resistance to abrasion of quartzite pebbles relative to other lithologies (Kuenen, 1956; Bradley, 1970) .
Gravel bar compositions also help to unravel several characteristics of the transported material. The lithologies that are poorly resistant to abrasion are expected to be present in loworder drainage systems, reflecting the composition of local sources, and to diminish in abundance downstream. This is the case for schists and sandstones: the schists represent important lithologies in the upper Tethyan series and in the Lesser Himalayan units. The tributary in Sabche, the Paudi, and Chepe Kholas present a proportion of 15-40% of schists, illustrating the importance of schists in the corresponding local sources. However, their proportion drops to <5% on average along the Marsyandi River. A similar pattern is observed for the proportion of sandstones between the Paudi and Chudi Kholas on the one hand and the main stem of the Marsyandi on the other hand. Finally, some tributaries draining southern Tibet, like the Naur and Dudh Kholas, or the Marsyandi in Chame just below the South Tibetan Detachment trace, display surprising features-for all of them, the proportion of limestone is much lower than expected from the size of the contributing area in calcareous units. For example, the Dudh Khola gravel composition displays 60% of granitic pebbles, 40% of gneissic pebbles, and almost no limestone pebbles, despite the fact that calcareous units represent a third of its contributing area. Such unexpected results could arise either from heterogeneous erosional behavior of the lithologies (limestones eroded mostly in sandy fractions or by chemical erosion, etc.) or more probably from stochastic behavior related to discrete sediment supply events, like landslides or glacial lake outbursts (e.g., Benda and Dunne, 1997).
Downstream Evolution in Grain Size
Downstream profiles of the median size (D 50 ) of gravel bar material (Fig. 7) are characterized by significant scatter, even more pronounced than for the lithological evolution. This scatter can exceed 100% of the median grain size from one site to the next, and even at the scale of a single gravel bar. We suspect that such scatter arises from the insufficient sample size and from the spatial variability in hydrodynamic conditions along and between gravel bars that lead to more-or less-intense local coarsening.
Despite the scatter, the general trend for subsurface samples is clear and opposite to what would be expected in gravel-bed rivers: there is no downstream fining, but downstream coarsening, with three domains for which D 50 seems to remain more or less uniform. At the boundaries between these domains, a sharp A B Figure 6 . Evolution of the lithologic average content for pebbles larger than 5 cm in gravel bar material along the Marsyandi River (average value issued from the two or three independent measurements on each gravel bar), (A) for the subsurface material and main tributaries, and (B) for the surface material. Important scattering from one point to the next is due to the insufficient size of the sampled volume. The global trend is, however, quite similar for surface and subsurface data: the lithological composition of the gravel bar material reflects both the influence of sediment supply coming from these structural units and the different resistances to abrasion related to each lithology. Resistant rocks (quartzites) are over-represented compared to soft rocks (schist and sandstone). For surface measurements, disparities between Mezaki and Yabiku's (1984) data and ours mostly concern sandstones and limestones and probably arise from distinct criteria for lithology identification (a good fit is obtained for the unambiguous gneissic pebbles). The major faults are the South Tibetan Detachment (STD), the Main Central thrust (MCT), the Main Boundary thrust (MBT), and the Main Dun thrust (MDT).
increase of D 50 occurs downstream. These domains correspond roughly to the main structural units. At this stage, it is thus tempting to attribute such changes to some relationship between sediment sources and geologic or morphotectonic units. We saw, for example, in the previous section, that moraine material is finer than landslide material: the increase in mean pebble size from southern Tibet to the Higher Himalayan gorges could, therefore, result from an increasing supply in landslide material. Similarly, it would be tempting to attribute the increase in pebble size south of the Main Central thrust to an increasing signature of landslides initiated in quartzitic units, which are characterized by slightly coarser size distributions than for landslides initiated in the Higher Himalayan Crystalline gneissic units. Additional observations can be made on the median pebble size of the gravel bar surface (Fig. 7B) . D 50 values for surface sample are systematically higher than those for subsurface samples. Logically, they follow the same rough downstream coarsening. However, the flat trend observed for subsurface D 50 across a 
(2)
(4) (6)
(8)
(1) given structural unit is not observed for surface D 50 , which varies across a wide range of values, between one to five times subsurface D 50 values. At the crossing of the South Tibetan Detachment, the difference in surface D 50 is still visible, whereas no major change occurs going from the Higher Himalayan to the Lesser Himalayan domains. These observations suggest that there is no clear relationship between surface and subsurface size distribution. The vertical coarsening-up observed on gravel bars is not uniform: it varies both along the course of the river and at the scale of a single bar, probably in response to variable local hydrodynamic conditions.
Terrace Material and Temporal Variations in Transported Sediments
Size distribution in terrace deposits display larger dispersion than on gravel bars (Fig. 5C ). This likely arises from the fact that terrace deposits correspond to local events in space and time, such as landslide dam filling, alluviation, or debris flows. The amplitude of the event influences the changes of the river hydrodynamic variables and thus the characteristics of the fill. Even within a single terrace deposit, very large vertical and horizontal variations in size distribution of the material can be observed. As a consequence, individual measurement of D 50 in terrace material varies between 6 and 160 mm.
To show possible temporal variations in pebble characteristics along the Marsyandi, we compared the size distribution in alluvial terrace deposits to that of the closest surveyed gravel bar (Fig. 8) . First, we note that the median pebble sizes in terrace material do not strongly differ, on average, from those in the gravel bars, and that they all cluster around 5 cm, except at the Nyadi Khola site, for which a mixed debris-flow-type origin cannot be excluded. Individually, the differences between terrace and gravel bar material are larger than 50%, but, in fact, are of the same order as the scatter observed from one gravel bar to the next. Differences in lithologic compositions between gravel bars and terraces are also within the observed scatter along the Marsyandi channel and do not suggest any major changes in sediment sources. The only noticeable exception is observed in Chame, few kilometers downstream of the South Tibetan Detachment trace, where we previously identified a strong anomaly in both the Marsyandi and Naur Khola gravel bars. Terrace deposit proportions include more lithologies representative of the Tethyan Sedimentary Series than the gravel bars, which are characterized by a marked over-representation of Higher Himalayan Crystalline gneissic elements. As already argued, if the river network is supply-limited by discrete landslides, then important temporal variation can be expected, in particular in the low-order channels. Downstream, in the main stem, we expect that mixing becomes Figure 8 . Comparison of median size and lithologic content of terrace deposits and of their closest gravel bars. Terrace deposits provide an insight into the material transported by the river in the past. Some differences can be observed between present-day deposits and fossil ones, but these differences are too small in regard to measurement uncertainties to be interpreted in terms of variations in sediment supply.
sufficiently efficient to dampen these discrete signatures. Alternatively, the variations in pebble characteristics in Chame could reflect important changes in spatial erosion and hydrodynamic regimes, due to the transient response to glacier retreat or advance since the late Pleistocene.
Finally, our measurements on terrace deposits and gravel bars confirm that spatial and temporal scatter, whether due to our measurement procedures, climatic variations, or some stochastic aspect of sediment supply and river transport, has more impact on the gravel size distribution than on the lithologic composition.
COMPARISON BETWEEN EXPERIMENTAL AND NATURAL ABRASION
In order to extend in a more quantitative way the data interpretations on gravel bars and sources in the Marsyandi Valley, we conducted experimental measurements on Himalayan lithologies and checked their consistency with our observations by means of a simplified integrative model.
Experimental Abrasion Rates of Himalayan Lithologies
Between three and ten rounded pebbles were sampled in the field for each of the most representative lithologies of the Marsyandi watershed. Pebbles came from active gravel bars: no obvious weathering rind was observed. Their b-axes ranged from 4 to 10 cm, which roughly corresponds to the median pebble size along the Marsyandi. The pebbles were run into a circular flume (Attal and Lavé, 2003; Attal, 2003) designed to characterize pebble abrasion processes and rates. The run was conducted under a turbulent flow velocity of 2.3 m/s and average shear stress of the order of 250 Nm -2 . These conditions are close to the conditions prevailing in the Marsyandi River during annual peak discharge across the Lesser Himalaya. Because the dominant lithologies in the Marsyandi River are mostly resistant to abrasion, ~60 kg of alpine crystalline pebbles of similar size were added to 15 kg of pebbles of different Himalayan lithologies in order to obtain a bedload flux of 80 kg s . Abrasion coefficients are thus reported in % loss per kilometer (Table 1) .
Weight loss values are relatively uniform (with relative standard deviations lower than 1) for resistant lithologies and for marbles. Quartzite abrasion rates are very low, ~0.15% per km. Granites and calcic gneisses (Formation II) have rates of 0.4% per km, but aluminous gneisses (Formation I) have rates three times higher: 1.4% per km. This difference is probably due to the presence in these gneisses of well-developed weak mica beds, which make the rock less resistant to abrasion. Each of the 398-09 (Attal and Lavé, 2003; Attal, 2003) calcareous rock types have roughly uniform abrasion rates due to their fine and homogeneous structure at the pebble scale, but these rates are variable if we consider the limestone group as a whole; they vary from 0.5% per km for the Annapurna silicified limestones to 2.6% per km for the black limestones of the Ordovician Pisang Formation. These differences are probably linked to the various degrees of metamorphism and recrystallization of the rocks and to their various content in quartz.
Soft lithologies present an important dispersion in abrasion rates. For sandstone, abrasion rates and dispersion increase with decreasing degrees of metamorphism or diagenesis, because these processes contribute to strengthen rocks. The abrasion rates obtained experimentally are 0.4% for the Tethyan quartzitic sandstones, 1.7% for the Lesser Himlayan sandstones of the Kuncha Formation, 6% and 30%, respectively, for the Tertiary sandstones from the Main Dun thrust zone and from the Main Frontal thrust zone. For schist pebbles, abrasion rates can vary by an order of magnitude according to their degree of weakness; this weakness is linked to their mica and phyllitic mineral content as well as to the intensity and spacing of cleavage planes (bedding, schistosity). Schists display on average very high weight loss values, between 7% and 23% per km. Due to their particular structure and mineralogical composition, schist pebbles are abraded very rapidly and often in a mode that rarely occurs for other lithologies: the pebble splits into two or three pieces of similar size.
For resistant lithologies, the average values are consistent with the results obtained for similar lithologies run in other abrasion experimental devices (Schoklitsch, 1933; Kuenen, 1956 ), although they are slightly higher, by a factor 1-3, than these previously published abrasion rates. For soft lithologies, our experimental abrasion rates are 4-20 times higher than previously published rates. We suggest that this is due to higher impact velocities and thus to more efficient impact wear in our experimental flume than in the tumbling barrels that were often used in previous studies.
In the following, we will be using our average experimental values, keeping in mind, however, that they cannot account for the large dispersion observed for some lithologies, and also that they possibly correspond to minimum values. Indeed, the pebbles of each lithologic class that we sampled to run in the experimental device could not be fully representative of the hillslope material, because the most-fractured or least-resistant fraction of the source material already disappeared during fluvial transport and abrasion, and therefore is not included in the sampled pebbles.
Integrative Model for the Marsyandi Watershed
In a given river section, the sediment load size distribution results from the contribution from all the parts of the watershed, modulated by the local erosion rate (or hillslope sediment supply rate) and by size reduction processes. If we assume first that most of the material supplied by the hillslopes can be transported along the fluvial network whatever the initial size (except for very large blocks that represent a minor contribution to total sediment flux), second that abrasion coefficients do not depend on hydrodynamic conditions or sediment flux, and third that we can neglect additional weight loss during the first traveled kilometers due to very efficient abrasion and edge rounding processes of angular pebbles (Krumbein, 1941; Kuenen, 1956; Pearce, 1971) , then size reduction can be adequately represented by Sternberg's law (equation 1) with a constant abrasion coefficient, like in section 2. Under these simplifying assumptions, the size distribution for the j th lithology can be written as an integral term on the upstream fluvial network (fn):
where Median size D 50 is thus defined as the diameter for which:
where D mbl represents the smallest gravel size traveling as bedload. The proportion of the j th lithology for pebbles larger than D m = 5 cm is expressed by:
It should be noted that equation 5 is probably not appropriate for suspended load, which, in any event, is not considered here.
In an attempt to invert this integrative model for the abrasion coefficient k j for each lithology, we thus need three independent data sets. First, we need the size distribution for the sources: we consider the average distribution of the ones we measured along the Marsyandi valley (thick gray line on Figs. 5A and 5B). We initially assume that landslides represent the main source of sediment supply and consider a uniform distribution curve, independent of lithology, which corresponds to the average size ▲ ▲ ▲ ▲ 0 ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ 0 0 0 0 0 ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ 0 ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ S T D A' N a r a y a n i N a r a y a n i Siwaliks G an ge tic pl ai n distribution of landslide deposits (Fig. 5A) . Additional supply by moraine material will be introduced only for the last tested model (section 5.3.2). Second, a lithologic map is required ( Fig. 9A ): based on previous geologic mapping (Colchen et al., 1986) and corresponding cross sections, rough proportions of each lithology are estimated for the main structural units (Table 2) . Finally, a denudation map is required ( Fig. 9B ): as a first order proxy, we use an erosion map extrapolated from fluvial incision rates in central Nepal, assuming that incision rates are roughly in equilibrium with catchment erosion rates (Lavé and Avouac, 2001) . Recent work in the Marsyandi Valley confirmed the gross pattern view of inferred downcutting and erosion rates along Marsyandi Valley (Burbank et al., 2003; Pratt-Sitaula et al., 2004 ) with highest incision rates across the Higher Himalayan Crystalline, low rates across the Lesser Himalaya, and moderate rates across the Mahabarat and Main Dun thrust fold. In addition, suspended load measurements in east and central Nepal suggest that present denudation rates are roughly similar to long-term denudation rates (Lavé and Avouac, 2001 ). Finally, it has to be noted that only relative spatial variations in erosion rates are required by equation 5. Because large uncertainties are associated with these data sets, we did not perform a formal inversion and preferred to explore different end-member models, in order to assess the roles of abrasion coefficients and local hillslope sediment supply rates. To conduct such direct modeling, we extracted the fluvial network from the worldwide 30″ digital elevation model.
Results of the Different Models
Lithologic Proportion
The results of seven end-member models (Fig. 10A -G, corresponding to models 10A-G, respectively) have been compared to the lithologic data for the Marsyandi (Fig. 10H) , i.e., the lithologic composition of the material coarser than 5 cm. First, we considered the relative surface proportion of each lithology outcropping in the contributing area (Fig. 10A) , i.e., the pebble distribution produced by a uniformly eroded landscape, in the absence of abrasion during pebble transport. As expected from a rapid look on the geologic map, the Tethyan series, Higher Himalayan Crystalline, and Lesser Himalayan units represent similar areas in the Marsyandi basin: in consequence, their dominant lithologies-limestones, gneisses, and schists, respectively-occur in similar proportions close to the confluence with the Trisuli. This result sharply contrasts with our observations and suggests that pebble abrasion and/or variations in sediment supply have to be incorporated. The second model therefore includes variations in sediment supply (Fig. 10B ), but still excludes pebble abrasion. Increasing hillslope erosion in the Higher Himalayan Crystalline unit, according to the denudation map in Figure 9B , produces the observed proportional increase in gneissic pebbles, but is unable to predict the low concentrations in schists, the rapid downstream decrease in limestone where the river crosses the Higher Himalayan Crystalline, and the net increase in quartzite. Including a uniform abrasion coefficient of 2%/km (Fig. 10C) helps to accentuate the decrease in limestone, but does not solve the misfits for the other lithologies. Introducing lithology-dependent abrasion coefficients, as evidenced by our experimental results on Himalayan pebbles, therefore seems necessary (Fig. 10D) . The average coefficients permit us to account for most of the observed concentration curves along the Marsyandi, in particular the increase in quartzite and vanishing of schist pebbles, although the latter effect is overestimated by the model. On the other hand, we could Figure 9 . Maps of (A) lithology and (B) denudation rates used for the model. Lithologic map is extrapolated from Colchen et al. (1986) . Denudation map is derived from terrace record and fluvial Shields stress inversion along five transverse Himalayan rivers (Lavé and Avouac, 2001) . Stacked incision curves for these rivers are presented in the lower left angle of the diagram; curves are projected on a N18° profile, roughly perpendicular to the Himalayan structures. Equilibrium line altitude (ELA) during Last Glacial Maximum has been considered in model (10G; section 5.3) as the limit between an upper zone with sources dominated by moraine material and a lower zone with sources dominated by landslides. Domains are TTS-Tethyan Sedimentary Series, LH-Lesser Himalaya, and HHC-Higher Himalayan Crystalline. The major faults are the South Tibetan Detachment (STD), the Main Central thrust (MCT), the Main Boundary thrust (MBT), the Main Dun thrust (MDT), and the Main Frontal thrust (MFT). neglect differential hillslope erosion rates and focus on differential abrasion coefficients (Fig. 10E ). As for model 10D , most of the concentration curves reasonably fit the observations along the Marsyandi. However, when compared to the data, the decrease in limestone proportions is not sharp enough, the proportion of the gneiss across the Higher Himalayan Crystalline is too low, and the proportion of sandstone in the Lesser Himalaya is too high. Therefore both processes, differential supply rates and abrasion coefficients, are necessary to explain the gross features of the observed lithologic evolution along the Marsyandi.
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In section 2, it was argued from a simple analytic model that the downstream evolution of the pebble fraction in the sediment load strongly depends on the abrasion coefficient (Fig. 1B) . When two or more lithologies with distinct resistance to abrasion are present in the catchment, it can easily be shown that the downstream evolution in lithological proportion depends not only on the relative values of the abrasion coefficients but also on their absolute values. This prediction can be tested with the integrative model, by assuming the different abrasion coefficients multiplied by factors of 1/5 and 5, respectively. The first case, i.e., a decrease in abrasion efficiency, leads to a figure that is similar to model 10B, except for the schist, the abundance of which is reduced. The second case (Fig. 10F) , i.e., an increase in abrasion efficiency, produces a rapid predominance of quartzite pebbles over all other lithologies in the Lesser Himalaya. Both scenarios can thus be rejected: the abrasion coefficients that our model requires to explain the data we collected along the Marsyandi River are roughly constrained, and they are of the same order as the experimental abrasion coefficient we obtained experimentally, although large uncertainties remain.
Size Distributions
When landslide material reaches the fluvial network, we suspect that the finer fraction is rapidly washed out and travels as suspended load, and that the size distribution of the residual material becomes coarser. We have already observed in the size distribution curves (Fig. 5 ) that gravel bar material is indeed depleted in fine particles in comparison to the hillslope sources. In order to avoid any bias, only fractions traveling as bedload are considered here, and the median size will be computed for the fractions larger than a cut-off value of 1 mm. For each previous end-member model, the predicted downstream evolution of this truncated median size does not fit the observations (Fig.  11) . First, all the models predict a uniform median size or a slight downstream decrease, in sharp contradiction with the data along the Marsyandi. Second, all the models underestimate the data trend by a factor of two, except in the Tethyan Sedimentary Series, where they overestimate gravel size.
Most of the highest parts of the landscape, above 4000 m, display important present-day and fossil glacial signatures. Such preservation of formerly glaciated landscapes suggests that the system has not yet returned to equilibrated fluvial landscape. In these areas, the present denudation rates could be different from the long-term rates. Moreover, sediment supply by landslides could represent a minor contribution relative to re-erosion of moraine material and debris produced by periglacial processes. Therefore, let us assume that in the upper part of the watershed, the hillslope sediment supply is better accounted for by the average size distribution of moraine material (thick gray line on Fig.  5B ). To do this simply, we consider that the equilibrium line altitude (ELA) during the Last Glacial Maximum (Duncan et al., 1998) defines the limit between hillslope supply dominated by landslides and by moraine-type material (Fig. 9B) . Obviously, large glacial valleys have developed far below this line, like in the upper Marsyandi between Manang and Dharapani (Fort, 1993; Lavé and Avouac, 2001 ), down to probably 2000-2500 m (Fig.  2) . However, it is beyond the scope of this paper to account for a precise location of glacial remnants: introducing in model 10G such a simplistic limit only provides a first-order view on the role of source distribution. Along the Marsyandi Valley, the lithologic composition is almost insensitive to this change, and differences in curves of models 10D and 10G are of the order of few percents or less (Fig. 10) . In contrast, the downstream evolution of the median grain size reflects the introduction of finer size distributions from moraine material in the upper part of the watershed. The modeled curve displays similar features to the observed data: low median sizes above the South Tibetan Detachment, intermediate sizes across the Higher Himalayan Crystalline, and higher sizes across the Lesser Himalaya. We therefore propose that the downstream coarsening pebble sizes could arise from varying sediment sources along the Marsyandi Valley and that source characteristics can exert a strong control on the evolution of river sediments. Though it provides a more acceptable downstream trend, the model 10G still largely underestimates the median pebble size observed on the gravel bars in the Higher Himalayan Crystalline and Lesser Himalayan units. An explanation for this misfit will be discussed in the section 6.1.
Size Distribution for Individual Lithologies
The consistency of model 10G can be tested in more detail through the size distribution in each lithology. To attenuate the large scattering in the data, we grouped the measurement stations in seven zones according to their morphostructural position along the river (Fig. 12A) , and summed their weight into a Figure 10 . Downstream evolution, along the Marsyandi River, of the lithologic content of bedload pebbles larger than 5 cm predicted by different end-member models (A to G), as compared to observed subsurface gravel bar material (H). Model A displays the lithologic surface proportion in the contributing watershed ( = uniform erosion and no abrasion); models B to F correspond to end-member models showing the influence of hillslope sediment supply rates and abrasion coefficients. They were computed for a uniform size distribution (landslide-type) of hillslope sediment supply. In contrast, model G also includes hillslope sediment supply of moraine-type material in the upper part of the drainage basin. The major faults are the South Tibetan Detachment (STD), the Main Central thrust (MCT), the Main Boundary thrust (MBT), the Main Dun thrust (MDT), and the Main Frontal thrust (MFT). single virtual sample. Such a representation will help us to look more at the details and misfit of model 10G. First, as already discussed in section 4.4.1 for the southern Tibetan tributaries Naur and Dudh Khola (Fig. 6A) , the gneiss/limestone ratio increases dramatically in that segment (zone 2), much more than predicted by the model. The differences of lithologic composition between gravel bar material and terrace deposit in Chame could suggest, however, that the present distribution in this zone of the upper Marsyandi Valley (zone 2) is a temporary situation. The sudden increase in crystalline pebbles may arise from a complex erosional pattern, in terms of volume and size distribution of the sources, due to the interplay between broadly distributed erosion of formerly glaciated landscapes and localized regressive erosion of the fluvial network that tries to reach equilibrium profiles. Alternatively, the anomalous lithologic composition of the downstream Chame gravel bars could reflect the stochastic behavior of sediment supply. The second misfit concerns the downstream increase of the quartzite/gneiss ratio, underestimated by our model. Several explanations can be proposed: an underestimation of the hillslope erosion rate in the Lesser Himalaya, of the quartzite proportion in Lesser Himalayan units, or more likely of the abrasion coefficient for gneiss. The third misfit concerns the schists, underestimated by our model: this appears to be due to the fact that we both replaced dispersed values of abrasion coefficients (Table 1 ) by a single average value (a simplifying assumption that can introduce a systematic bias since relation [equation 5] is nonlinear in k j ), and also to a systematic misattribution in the field of micaceous sandstone to schist. Similarly, the attribution of fine sandstone with calcareous cement Finally, the histograms of Figure 12A show that the observed distribution peaks are systematically displaced toward coarser fraction for quartzite and gneissic pebbles in comparison to the model. However, both lithologies show surprisingly good agreement between modeled and measured D 50* (Fig. 12B) , where D 50* corresponds to the D 50 value determined for the fraction coarser than 5 cm. This result suggests firstly that the shift in peak distribution in the field data histograms compensates for the absence of the largest pebble size, which is poorly taken into account in the field measurements (see discussion in section 4.2 on procedures bias for the coarsest fraction), and second that most of the misfit observed in Figure 11 between modeled and measured D 50 is related to a depletion in the gravel fraction (1-50 mm) in bar material compared to the model.
DISCUSSION
Why is Gravel bar Material Coarser than Hillslope Material Supplied to the Fluvial Network?
A major remaining unanswered question is why the gravel bar material is generally coarser than the source material? In the absence of comparable studies that would have stressed a similar problem, we can envisage several hypotheses. The apparent discrepancy might arise first from our data set, second from our model of pebble abrasion, and third from the misleading hypothesis that gravel bar material is representative of the bedload material.
The main weakness of our sampling procedure relates to the insufficient volume we analyzed in each station. As already discussed in section 4.2, the size distribution obtained by volumetric sampling is prone to large uncertainties and leads to a systematic cut-off for the coarsest fraction. The observed distributions are characterized by a systematic absence of boulders larger than 0.4 m (Fig. 5 ), in contrast with what is predicted by the integrative model. However, a few joint volumetric and surface analyses in sections indicate that D 50 values are not too sensitive to this cutoff. On gravel bars, the counting procedure cannot in any case be the source of the coarsening effect relative to hillslope material, because the bias would play in the opposite sense. In contrast, for landslide deposits, this bias could lead to an underestimation of the median size of the distributions. However, even distributions from photo counting do not display median sizes larger than 80 mm. Despite a low number of measurement sites in landslide deposits, it would be surprising that all the measurements could be finer than average material from landslide deposits. By preferentially choosing the core of the landslide deposits, we could have missed the coarsest fractions that are concentrated both at the surface and downhill part of the deposit. Clarifying this point would require additional detailed studies of the size distribution of the bulk of a landslide. Finally, it should be noted that the downstream evolution in size distribution and D 50* (Fig.   12B ) does not indicate any major differences between gneiss and quartzite pebbles, even in the Lesser Himalaya where hillslope supply of gneissic pebbles has stopped. This observation argues against the fact that the coarsening observed in gravel bars across the Lesser Himalaya could result from a major change in source characteristics in the Lesser Himalaya. Two additional observations corroborate this conclusion: first, the size distributions for landslides initiated in Higher Himalayan Crystalline gneissic (Formation I) units and Lesser Himalayan quartzitic units do not appear to differ significantly; and second, the gravel bar material along the tributaries that drain the Lesser Himalayan units do not show coarser material than along the Marsyandi.
In our model, we assumed that abrasion coefficients are independent of particle size. For unimodal size distribution, experimental results (Kuenen, 1956; Attal, 2003) indicate that the abrasion coefficient increases with particle size. However, for mixed pebble size distributions, very preliminary results obtained in our abrasion experimental device suggest that the abrasion coefficient is in fact inversely proportional to particle size (Attal, 2003) , probably because shocks with larger impacting pebbles strongly enhance relative weight loss of small impacted pebbles, either by abrasion, crushing, or splitting. In this case, abrasion during transport could lead to a rapid depletion in gravel and small pebble fractions, and therefore to a coarsening of the particles traveling as bedload. This hypothesis, however, needs a more quantitative support from future experimental work.
Up to now, we assumed that subsurface gravel bar material is representative of the bedload material. This hypothesis, supported by flume experiments (e.g., Parker and Klingeman, 1982) , is closely tied to the notion of equal mobility transport in gravel rivers. Wilcock and Southard (1989) showed that these results are strongly dependent on the experimental device and that sedimentrecirculating flumes lead to distinct distribution of subsurface material and bedload. However, they also suggested that natural systems might behave like a sediment-fed flume with the equal mobility scenario. We are not aware of many field studies on mountain rivers that try to compare size distributions of bedload during peak flow and of gravel bar material at low stage. Habersack and Laronne (2001) made such a comparison for a Swiss mountain river and found that subsurface material was much coarser than bedload at intermediate-to high-flow stages; unfortunately, they did not conduct sampling during the peak discharge. Experimental results, even in recirculating flumes (Wilcock and McArdell, 1997; Wilcock, 1997) , indicate that full mobility of all pebble sizes is met when the average shear stress reaches three times the critical shear stress to set the median pebble size in motion. However, this criterion is not completely fulfilled by the coarsest fraction, and even with full mobility, the coarse fraction does not reach an equal mobility, i.e., the bedload transport rate decreases for large pebble size (Wilcock and McArdell, 1997) . This last point implies that large pebbles travel at lower velocity than small pebbles. As a consequence, the residence time of the coarse pebbles from hillslopes to the high-order channels has to be longer: at low stage, when all pebbles are at rest on the gravel bars, the coarse fractions are therefore over-represented compared to the instantaneous bedload flux during peak flow or bedload motion conditions (Fig. 13) . Along the Marsyandi channel and gravel bars, fluted blocks several meters in size attest that the largest blocks are almost immobile (Fig. 4A ). This suggestion of differential travel velocities is equivalent to considering that there is a continuous decrease in velocity from a maximum for small and median sizes to almost 0 for the coarsest size.
More generally, we do not know exactly how gravel bars or channel bottom exchanges subsurface material with bedload via its surface layer (Parker, 1991) and how a gravel bar is built from the bedload material. From experimental results, we can suspect that these exchanges between gravel bar material and bedload depend on hydrodynamic conditions, in particular on fluvial shear stress during transporting conditions (Parker, 1990; Wilcock and McArdell, 1997) . At high shear stress conditions, full mobility conditions would favor the equivalence in pebble size distributions between bedload and subsurface gravel bar material, whereas at intermediate shear stress conditions, the subsurface material would be coarser than the bedload. Along the Marsyandi River, the shear stress profile (Lavé and Avouac, 2001 ) would be consistent with such a view: the shear stress values prevailing across the Lesser Himalaya are much lower than across the Higher Himalayan Crystalline and would lead to coarser median pebble size for gravel bars (Fig. 14) . In conclusion, as long as equal mobility conditions have not been fully met during peak flows in mountain rivers, we can cast doubt about the fact that subsurface gravel bar material can be used as a representative proxy of bedload material. In the Marsyandi Valley, the discrepancy observed between sources and gravel bar material could arise from such a biased hypothesis.
Pebble Abrasion, Sediment Supply, and Transport Modalities Across Active Orogens
In previous studies of pebble size evolution along rivers, experimentally derived abrasion coefficients were not able to explain downstream fining. Several explanations were proposed for this observation: (1) in settings where deposition is occurring, selective transport is a more efficient downstream fining process than abrasion (Brierley and Hickin, 1985; Parker, 1991; Paola et al., 1992; Brewer and Lewin, 1993; Surian, 2002) ; (2) when long-term gravel storage in gravel bars and terraces occurs, the role of weathering could have a major impact by increasing abrasion coefficients (Bradley, 1970; Jones and Humphrey, 1997) ; (3) an underestimation of abrasion coefficients in experimental mills has also been advocated, because of miscalculation of traveling distances (Mikos and Jaeggi, 1995) or because experimental devices do not reproduce saltating pebble trajectories (Kodama, 1994b). In the case of active orogens, like the central Himalayas, the two first explanations can be discarded. Even if there is a factor 1-20 above previous estimates (e.g., Kuenen, 1956) , the increase in abrasion coefficient by two orders of magnitude required to explain field downstream fining (Kodama, 1994b) is not observed in our experimental measurements, which more or less reproduce the hydrodynamic conditions along the lower Marsyandi during a decadal flood. Thus, our study shows that downstream fining cannot provide a direct and visual estimate of pebble abrasion rate. First, grain size distributions result both from downstream abrasion processes and from the hillslope supply in fresh material: the mean pebble size fining rate is therefore not expected to reflect pebble abrasion rate in a straightforward manner, except in few cases when abrasion coefficients are low (when the asymptotic behavior described in section 2 is not yet reached), or when the sediment source is restricted to the upper part of the watershed. Second, in many morphotectonic settings, as in the Marsyandi Valley, the size distribution of hillslope source material, and/or erosion rates are spatially nonuniform.
In addition, the different lithologies exposed in the watershed can have very distinct abrasion coefficients. These complexities make the downstream evolution in grain size ever more difficult to interpret. Finally, it is suspected that the pebble size distribution on gravel bars does not exactly reflect the bedload distribution and could depend on hydrodynamic conditions, and thus lead to erroneous interpretation. We therefore strongly suspect that the size distribution and median pebble size on gravel bars do not constitutes pertinent variables when studying pebble abrasion in active orogens. Instead, on the basis of the Marsyandi River case study, we propose that the lithologic content of gravel bars bar material represents a much more sensitive tool to unravel pebble abrasion coefficients. Lithologic content is only weakly sensitive to sampling procedure (Figs. 6A and 6B) and to hydrodynamic conditions. It also seems only weakly sensitive to the size distribution of hillslope source material. However, it requires having a rough map of the erosion rates, as well as of the exposed lithologies. Ultimately, these parameters have to be included into an integrative model, and inverse models have to be run to adjust the different abrasion coefficients. According to the Marsyandi case study, the inversion results are sensitive to: (1) the estimate of lithologic content in the different geologic units, and the manner vertical proportions from geologic cross sections are transformed into surface proportions; (2) the lithologic sorting criteria, which has to coincide with those described in regional geologic maps and cross sections; and (3) the estimate of the local hillslope supply rates at a relevant temporal scale, i.e., of the order of the average time required by a pebble to travel from its hillslope source to the outlet of the range.
Following the above procedure in the Marsyandi Valley, but using experimental abrasion coefficients, it can be shown that our observations are fully consistent with a simple model in which abrasion is the only factor of downstream fining, as expected in a uniformly eroding landscape. Even the predicted ratio of bedload to total sediment flux, between 12% and 18% for the major rivers at the outlet of the Himalayan range (Fig. 15) , is in reasonable accord with values usually assumed by engineers when planning dam construction in active mountains setting. These ratios obviously represent a maximum, since other hillslope sources delivering mostly fine-grained material (e.g., soil erosion, shallow landslides) have not been included in model sediment budgets, and also because a higher proportion of fine material produced by landslides occurring in schist units is not incorporated (Fig. 5A) .
Finally, according to our results, the best strategy for studying abrasion along the fluvial network in an active orogen is to look at the lithologic composition of the surface material, because it is roughly similar to the subsurface material but easier to study.
Our work also shows that moraines and landslides deliver different sediment size distributions to the river network, as suggested both by direct measurements on sediment sources and by the smaller pebble sizes along the upper Marsyandi reaches. Even landslide deposit characteristics can vary greatly between schist and quartzite sources (Fig. 5A) . The sediment supplies from the hillslope can thus be subject to important spatial variations, due to distinct erosion processes, or distinct lithologies. These variations have a direct incidence on the bedload ratio and on the size of the particles transported by the river network, and therefore on the balance between sediment load and river carrying capacity. In recent years, several investigators have argued that sediment flux, and in particular the balance between bedload and carrying capacity, strongly influences the rate and mode of fluvial incision into bedrock Dietrich, 1998, 2001; Howard, 1998; Hancock et al., 1998; Whipple and Tucker, 2002) . However, the downstream loss of mass for the bedload fraction is not taken into account by most of the models developed. At the scale of the Marsyandi or Narayani basins, our model results indicate a bedload ratio decrease by a factor ~5 between the source and the mountain front (Fig. 15) . This bedload ratio can be crudely Figure 15 . Bedload proportion relative to the total sediment flux predicted by our integrative model (10G) with differential denudation rates, abrasion coefficients from experimental studies, and two distinct hillslope source size distributions. The average proportion of material coarser than 1 mm in landslide and moraine material are also represented. Landslides Moraines approximated by a power law with an exponent −0.2. This downstream decrease in bedload is significant enough to be introduced in transport-limited or mixed-tools fluvial incision models, and in landscape evolution models. Thus, exponent values close to -0.5, as implicitly assumed by Whipple and Tucker (2002) in order to explore the behavior of detachment-limited incision models, appear to be too low in view of our results along the Marsyandi Valley. Moreover, the non-monotonous behavior of the bedload ratio curve, due to change in lithology, sources, and local hillslope supply rates can eventually produce, in a given setting, several channel segments where the river would be alternately more detachment-or transport-limited.
The variations in proportion of fine sediment and median size of the sediment supply between moraines and landslide material may also have a profound impact on river behavior in response to glacial-interglacial climatic changes. The proportions of both types of material are expected to vary strongly with climate and the advance or retreat of glaciers. These changes in load size characteristics, in addition to variations in discharge or sediment flux, could in particular have a nontrivial impact on the building of alluvial or avalanche fans or on terrace formation downstream of formerly glaciated valleys (Hancock and Anderson, 2002; Pratt-Sitaula et al., 2004) . On the other hand, a recent study in the San Gabriel Mountains (Lavé and Burbank, 2004 ) suggests a progressive replacement of shallow erosion processes (dry and wet raveling, soil slip, shallow landslides, etc.) by more deepseated landslides when erosion and uplift rates increase in active mountains. In such a scenario, the ratio of coarse to fine material and the median size of the coarse material delivered by hillslopes to the fluvial network are expected to increase dramatically around this transition and to affect fluvial downcutting modalities. Similarly, when a landscape is rejuvenated with regressive erosion propagating upstream and triggering more landslides, the increased supply of coarser sediment from the hillslopes can represent a negative feedback to river incision and landscape erosion. If such processes and catena could be confirmed and quantified in more detail, they would represent additional coupling between hillslopes and the fluvial network, which possibly have been underestimated until now.
Pebble Abrasion Coefficients, Bedrock Erodibility, and Mountain Denudation
The differences in abrasion coefficients obtained experimentally, roughly corroborated by the comparison between integrative model results and data along the Marsyandi, are consistent with the differences of erodibility coefficients derived from river profiles and terrace incision rates along Himalayan rivers (Lavé and Avouac, 2001) . For the main structural units, the ratio between the average pebble abrasion coefficients is of the same order as the ratio between average bedrock erodibility coefficients. The abrasion rates and bedrock erosion efficiency are both 10-20 times lower for gneiss than for the Siwalik sandstones, and roughly of the same order for Higher Himalayan Crystalline and Lesser Himalayan units, if we assume that the average bedrock erodibility is partially constrained by the most resistant lithologies outcropping in the channel (Foley, 1980) , i.e., quartzites and sandstone for the Lesser Himalaya. This would suggest that fluvial incision rates and river geometry are quite sensitive to the incised lithologies, as has been suggested by Sklar and Dietrich (2001) , and that abrasion by bedload would be the dominant process of river incision. Indeed, except if there is a causal relationship between lithologic abrasion coefficient and the degree of fracturation, a mechanism like plucking would not be sensitive to the incised lithologies in the same manner as observed from pebble abrasion. Thus, lithologies have a dual role: first, because they control source characteristics, bedload fraction, pebble size distribution, and abrasion rate during fluvial transport, the lithologies of the contributing area have a long-distance effect on the bedload flux and mobility, i.e., on the coverage effect of the channel bottom and thus on the exposure of bedrock to abrasion and plucking; second, the local lithology directly impacts the detachment rate when bedrock is exposed (local effect).
According to our abrasion data (Table 1) , abrasion coefficients in natural lithologies can vary by more than two orders of magnitude. This can have fundamental consequences on tectonic-erosion coupling, on the equilibrium elevation of mountain ranges, and on the rate of topographic decrease for mountains and relief after tectonic cessation. Granitic cores in ranges would help to maintain high elevation, even with subdued uplift. In contrast, schist massifs or thin-skinned tectonic folds composed dominantly of weak sandstone can respond to high uplift rates without developing high topography and a steep fluvial network. These soft lithologies are therefore more able to cope with high uplift rates and to maintain a dynamic equilibrium with high erosion rates. This could explain why mountains characterized by moderate tectonic activity (Alps, Kyrgyz Ranges) can maintain topographies as high as very active schist-and sediment-dominated ranges (Southern Alps, Taiwan Range).
CONCLUSIONS
To our knowledge, this contribution represents the first attempt to study jointly hillslope sediment supply and gravel bar material at the scale of a 4000 km 2 basin, and to couple them in an integrative model. Despite questions being left because of uncertainties in measurements, this kind of approach brings new insights on sediment evolution along the fluvial network in active orogens. We highlight below the important implications of our study in the Marsyandi Valley and some avenues for further investigations.
1.
Many former studies on downstream evolution of pebble size and lithologic composition have focused on unraveling the respective roles of selective sorting and abrasion, in particular looking at apparent fining rates. However, this study, like Heller et al. (2001) , shows that, except in particular settings, the pebble size evolution is not a very relevant variable: in active orogens, particle size is more sensitive to the size distribution of the local hillslope sediment supply and to their temporal variations than to abrasion processes. Moreover, we strongly suspect that the subsurface grain size distribution on gravel bars is significantly coarser than the average bedload size distribution, in contradiction with the assumption derived from the equal mobility concept in high-energy rivers.
In the Marsyandi Valley, the erosion and transport processes have led to a paradoxical downstream coarsening of the gravel bar material. In addition, this material is found to be coarser than the sediments delivered to the fluvial network from the hillslopes. Gravel bar material in active tectonic settings would therefore represent a poor estimator for average downstream evolution of the transported bedload. In contrast, pebble abrasion can be more easily evidenced by the downstream evolution of the lithologic composition of gravel bars, because its measure displays larger variations and is less sensitive to methodological bias and hillslope sediment supply. 2.
As expected from theoretical considerations for active orogens, it is not necessary to invoke selective sorting processes to explain the downstream lithologic and size evolution of pebbles along an incising river system. In addition, and in contrast with former studies, the abrasion coefficients required by our simple integrative model of downstream sediment evolution are consistent with experimentally derived abrasion coefficients. 3.
The differences in abrasion coefficients are comparable with differences in erodibility coefficients as derived from bedrock incision (Lavé and Avouac, 2001 ), suggesting that abrasion could be the dominant process in bedrock river incision. Depending on lithology, the abrasion coefficient can vary by more than two orders of magnitude: the eroded lithology could therefore have a major influence on the denudation and tectonic history of active orogens, as well as on postorogenic decay. 4.
Finally, our study shows that hillslope sediment supply (landslides, moraines, etc.) may have a major signature in the downstream evolution of pebble size and suspended/bedload ratio. Recent theoretical and experimental investigations have stressed the importance of sediment supply and size in controlling bedrock incision rates. The variations in size distribution from hillslope sediment supply could therefore have important implications on river profile development and on the response of the fluvial network to glacial-interglacial fluctuations. They could also introduce some additional internal coupling between hillslopes and the fluvial network.
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APPENDIX A: B-AXIS AND CORRECTION FACTORS OF PEBBLE DIMENSION
Appendix A.1.
In order to display and compare size distributions from our different sampling and/or counting procedures, we defined a common variable for pebble dimension. We choose to consider the b-axis of the particles, i.e., their intermediate axis. For each sampling procedure, we therefore derived a specific correction factor to convert the measured pebble size into the corresponding b-axis value. On tape measure line, the b-axis was directly measured on particles with a caliper. For the photo determination, we consider that most pebbles are imbricated and that the (a-b)-axes section is roughly horizontal. In this case, the b-axis corresponds to the smallest visible axis on photos. However, pebbles are often partly buried and some (a-b)-axes section strongly deviate from the horizontal. For these reasons, the b-axis tends to be underestimated on photos.
For subsurface samples, we used square mesh sieves. If the (bc)-axes section was a circular one, sieving would give direct results. Unfortunately, it is rarely the case and sieving tends to underestimate the b-axis value of pebble sizes, due to the fact that particles with the b-axis longer than the mesh size can pass through the sieve. To correct the result from this effect, we used measurements of b-and c-axis realized on tape measure lines. About 1000 pebbles were measured, 15-60 pebbles per site. Maximum value of b/c was 6.2, mean value per site ranged between 1.5 and 2.5. For the whole pebble set, the average value of b/c was 1.9. This value corresponds to an underestimation of the b-axis by sieve dimension of 25% (see calculation in Appendix A.2.). No trend appears along the river course, showing that global pebble shape does not change significantly. For subsurface particles coarser than 4 cm, each particle was weighed. The b-axis was determined by considering a sphere with a density of 2700 kg/m 3 . The error is thus directly linked to the shape of the particle: the b-axis is overestimated for an elongated pebble, whereas it is underestimated for a platy pebble. From the measures made on the same 1000 pebbles, the ratio r b = b/(abc) 1/3 was calculated, with (abc) 1/3 corresponding to the diameter of the sphere of equivalent volume, i.e., the b-axis deduced from the weight of the pebble. Values for r b varied between 0.7 (elongated) and 1.8 (platy), the average values for the different stations ranged between 1.0 and 1.2. For the whole pebble set, the average value of r b was 1.1. Weighing pebbles led thus to an average underestimation of the b-axis of 10%. Like for the ratio b/c, the data did not show any significant downstream variations in pebble shape.
All the D 50 values presented in the text body and figures correspond to an equivalent b-axis value, which has been calculated from our field measurements according to the above corrections.
